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(54) Transmission system using the human body as wave guide 



(57) A communication system (TX, RX) uses the 
skin (GO) of the human body (CU) as a planar 
waveguide for the propagation of carried electromag- 
netic waves. The system comprises a transmitter mod- 
ule (TX) and a receiver module (RX) which can be 



connected by electrodes (EL) to any two points on the 
human body (CU) without the use of connections by 
wires, or magnetic, optical or radio means. 
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Description 

The present invention relates in general to appara- 
tus for transmitting data in the form of electrical signals 
using the human body or part of it as a transmission 
line. More specifically, the present invention relates to 
apparatus for transmitting data using a portion of the 
human body as a waveguide. 

The transfer of energy, and hence of electrical sig- 
nals, in a solid conductor body (to which the human 
body is comparable) can take place by galvanic conduc- 
tion and/or by the effect of the electromagnetic field 
associated with a vector current generated by an excita- 
tion system. 

An excitation system means a source or a device 
which can supply electrical signals, for example, an 
oscillator circuit. 

In particular, the effect of variable currents is con- 
nected with the so-called "skin effect* which depends 
mainly on the frequency of the signals concerned. 

The transmission, by means of a human body, of an 
electrical signal applied by means of a galvanic or 
capacitive connection to the skin of the human body can 
also take place by the waveguide effect attributable to. 
the structure of the human skin itself. 

This principle has been used to set up communica- 
tion apparatus or a communication system which is the 
subject of the present invention. 

In fact, a need has recently arisen to interconnect 
several different devices carried on a person's body. 
These devices may be, for example: watches, electronic 
processors, portable telephones, pagers, personal ster- 
eophonic systems, footwear provided with sensors, 
computerized footwear, glucometers, cardiac holsters, 
cardio-frequency meters, etc. An ability to put the vari- 
ous devices carried or worn by a person into communi- 
cation and hence to integrate their functions has many 
advantages. For example, the size of the devices can be 
reduced to the essential minimum by integration of their 
common functions. For example, a single device pro- 
vided with a communication interface can be used to 
control and program ail of the devices carried by the 
person. 

Another advantage is that the components of a 
device can be spirt up to enable it to be carried more 
comfortably. For example, an electronic processor or 
personal computer may have an interface device made 
in the form of a wristwatch so that it can be consulted 
extremely conveniently, and may have its central 
processing unit disposed, for example, in a pocket or 
attached to the belt for easy carrying. 

Another advantage of a communication system of 
this type is that sensors, for example, biomedical sen- 
sors distributed in various parts of the body can be con- 
nected to one or more processing and/or display units 
for processing and/or displaying the data detected by 
the sensors. For example, footwear may be produced, 
provided with biomedical sensors communicating with a 



wrist processing and/or display device. 

Naturally, all of these devices could also communi- 
cate with one another with the use of conventional sys- 
tems which are essentially the following: electrical 
s conductors, radio waves, infra-red waves. However, all 
three of these conventional systems have many disad- 
vantages. 

Connection by means of electrical wires is, of 
course, extremely inconvenient for the person carrying 
io the devices which need to communicate with one 
another. Moreover, these electrical wires run the risk of 
being torn or damaged accidentally because of the per- 
son's movements. 

Infra-red communication systems have the serious 
is disadvantage of permitting communication only 
between two devices in sight of one another. These 
conditions can certainly not be guaranteed in the case 
of devices disposed on any part of the human body. 
Devices communicating by radio waves, on the 
20 other hand, have the disadvantage of being susceptible 
to radio interference and disturbances. Since nowadays 
almost all environments frequented by people are satu- 
rated with radio waves and electromagnetic interfer- 
ence, these communication systems would encounter 
25 considerable limitations in use. Moreover, these com- 
munication systems are themselves sources of radio 
interference so that their spread would inevitably lead to 
interference between the communication systems of 
people who are close together. For this reason, radio 
30 communication systems are also unable to ensure com- 
munication between the various devices carried by a 
person. To ensure reliable radio communications it 
would be necessary to use digital communication sys- 
tems controlled by complicated protocols which can 
35 ensure communication even in the event of distur- 
bances and interference. However, these systems 
would be very complex and consequently expensive. 

The object of the present invention is to provide 
communication apparatus which solves all of the prob- 
40 lems indicated above in a satisfactory manner. 

According to the present invention, this object is 
achieved by means of communication apparatus having 
the characteristics indicated in the claims which follow 
the present description. 
45 Further advantages and characteristics of the 
present invention will become clear from the following 
detailed description given with the aid of the appended 
drawings, provided by way of non-limiting example, in 
which: 

50 

Figure 1 is a schematic view of the human skin illus- 
trating the principle of the operation of the appara- 
tus according to the present invention, 

55 Figure 2 is a schematic block diagram showing the 
principle of the operation of the apparatus accord- 
ing to the invention, 
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Figure 3 is a schematic block diagram of the com- 
munication apparatus according to the invention. 

The human skin has a layered structure which con- 
sists of two main layers: a cellular outer covering known 
as the epidermis and a layer of connective tissues 
known as the dermis. The epidermis is composed of 
cells and cell debris. The continual reproduction of epi- 
thelial cells at the junction between the epidermis and 
the dermis causes migration of cells towards the outer 
surface of the skin. The cells are keranitized as they 
move outwards. 

The stages of the transformation process of the 
cells characterize the five layers into which the epider- 
mis is divided; the germinative layer (which is in contact 
with the dermis), the spinous layer, the granular layer, 
the transparent layer, and the cornified layer. The cells 
die even before they enter the transparent layer. 

The dermis in turn is constituted by a dense net- 
work of fibrous proteins such as collagen, reticulin and 
elastin, permeated with micropolysaccharides. 

From an electrical point of view, the structure of the 
human skin is comparable to that of a waveguide. More 
specifically, given its structure, the skin behaves like a 
planar waveguide. The cornified layer of the epidermis 
behaves, owing also to perspiration, as an electrical 
conductor, the transparent layer, which is constituted 
exclusively by dead cells, has the behaviour of a dielec- 
tric material, and the layers below the epidermis, that is, 
the dermis and the rest of the body, which are bathed 
abundantly with blood have the behaviour of an electri- 
cal conductor. 

In a structure of this type, an electromagnetic wave 
is guided along the surfaces of the conductors and of 
the dielectric interposed between them. The electro- 
magnetic wave is guided by means of an intimate con- 
nection between the fields of the wave and the currents 
and the charges at the boundary. 

Energy is transmitted by means of the electromag- 
netic fields of the wave in the region of the dielectric dis- 
posed between the lateral boundary surfaces which are 
the main factor in determining the particular characteris- 
tics of the wave. 

This phenomenon can be investigated theoretically 
by determining the solutions to the equations of the 
waves which satisfy the boundary conditions imposed 
by the conductive walls and by the dielectric of the 
waveguide. 

For a better understanding, the theory of the elec- 
tromagnetic propagation guided in the structure consti- 
tuted by the human skin, which is substantially 
comparable to a planar waveguide, will now be ana- 
lysed briefly. This analysis will be carried out with the aid 
of Figures 1 and 2. 

As can be seen, Figure 1 shows a portion of human 
skin GO shown schematically as a planar waveguide. 
Three different layers which make up the planar 
waveguide have been shown in the human skin GO. As 



stated above, these layers are: the conductive, corni- 
fied, surface layer COR; the intermediate, transparent, 
dielectric layer LUC; and the lower, conductive dermis 
layer DER. Naturally, this figure is schematic and not to 
5 scale since it serves solely to illustrate the principle of 
operation. 

The distance i between the two conductive layers 
COR and DER and the orientations of the Cartesian 
axes X, Y, Z used in the theoretical discussion are also 

io indicated in Figure 1 . The drawing also shows an excita- 
tion device ECC connected to the surface of the skin 
GO and, more specifically, to the conductive surface 
layer COR, by means of two electrodes EL. The dis- 
tance between the electrodes EL of the excitation 

75 device ECC is indicated b. 

Figure 2, on the other hand, shows schematically a 
portion of skin GO to which an excitation device ECC, 
as in Figure 1, and a receiver device RIC are applied. 
The receiver device RIC can detect the electrical sig- 

20 nals emitted by the excitation device ECC. The excita- 
tion device ECC and the receiver device RIC are 
separated by a distance indicated x. 

The analysis can be developed by considering, for 
the wave, a propagation factor y containing the data 

25 relating to the attenuation, and to the phase and group 
velocities of the wave, and investigating the Maxwell 
equations in orthogonal coordinates. 

The equations of the rotations developed for the 
dielectric or LUC region, give the following equations: 

30 

VxE = -MiH (1) 
^ + Y£ y =-/(OMH x (1.1) 



(1.2) 



(1.3) 
(2) 

(2.1) 



(2.2) 
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in which the coefficients H x , HyJ E x , E y are functions 
solely of the variables x and y, the dependence on time 
and on the direction z of propagation of the wave being 
contained in the propagation factor y. 

The total intensities of the electric and magnetic 
fields in the region of the dielectric LUC, without 
charges, between the conductive walls COR and DER 
have to satisfy the wave equations: 



vl y £ = -(y 2 +K 2 )E 



(7) 



(8) 



If a voltage generator, that is, the excitation device 
ECC, is applied to the cornified layer COR of the skin 
GO, a current flows thereon whilst an electrical polariza- 
tion phenomenon is present on the underlying conduc- 
tive surface. An electric field and a magnetic field are 
thus formed perpendicular to one another and an elec- 
tromagnetic wave is propagated in a direction perpen- 
dicular to those of the fields (a transverse 
electromagnetic wave, TEM). 

This is the conventional situation for electromag- 
netic propagation in a waveguide with parallel and infi- 
nite planes, which is an optimal approximation of a 
structure formed by two parallel conductive cylinders 
with extremely close radii (which in turn is a good sche- 
matic representation of the skin GO of the human body). 

The electric and magnetic fields are expressed in 
phasor form by the expressions: 



±jkr 



n H y (z) = ±E 0 e 



±jkz 



(9) 



(10) 



(11) 
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LUC. 

The voltage between the two conductive planes 
COR and DER is expressed, as a function of z, by the 
equation: 



25 



30 
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V{z)=-jE x {z)clx=-IE 0 e 



±}Hz 



(12) 



I being the thickness of the dielectric LUC. 

The current per unit width on the upper cornified 
layer COR is: 



J 2 = -H y 



(13) 



Considering the distance b in the direction y, the 
current on the cornified layer COR is: 



bE 



l{z)=-bH v =± — - e 



whilst the impedance is given by: 



o a ±jkz 



(14) 



(15) 



The power transferred by the electromagnetic wave 
can be calculated directly from the fields. In order to do 
this, it is necessary to calculate the Poynting vector and 
to integrate it in the dielectric region LUC between the 
two conductive planes COR and DER. In this case, the 
Poynting vector has a component solely along the z axis 
and the mean power transmitted by a single wave trav- 
elling in the positive direction is therefore given by: 



' E 2 
W T =b£Re{E x H y )dx=%- 0 

o 



=£' =r (16) 



For the human skin GO, the dielectric constant at 
1 00 KHz is greater than 2000 whereas, for the magnetic 
susceptibility, reference may be made to that of water (- 
2.2 x 10' 9 ) giving, for the expression for the power trans- 
ferred, the following equation: 



W 



T =0,1187.A.^ 



(17) 



where t| is the characteristic impedance of the dielectric 



where b » 1 . 

With reference to the expression for the wave vector 
K a voltage v n generated at a given point by the excita- 
tion device ECC can be detected as a voltage v 2 at 
another peripheral point, for example, by the receiver 
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device RIC, at a distance x from the first point, as shown 
in Figure 2, attenuated at a working frequency, for 
example, of 100 KHz, according to the equation: 

V 2 = V 1 • exp[(-1.49 • 10" 2 ) • x] (18) 

so that, at a distance, for example, of 2 metres, it is 
found that: V 2 «0.97-V 1a 

Communication apparatus using the human body 
as a transmission line has thus been developed with the 
use of this principle. More specifically, the communica- 
tion apparatus according to the present invention uses 
the human skin GO as a planar waveguide which per- 
mits the propagation of carried electromagnetic waves 
and therefore acts as a transmission line. Although this 
transmission line, constituted by the human skin GO, 
has far from ideal characteristics, it can however permit 
effective and reliable communication between the 
devices. 

This apparatus will now be described with the aid of 
Figure 3, which is a schematic block diagram of the 
apparatus. 

As can be seen from Figure 3, the apparatus is con- 
stituted essentially by a transmitter device or module TX 
and a receiver device or module RX. The modules TX 
and RX communicate with one another with the use of 
the skin GO of a human body CU as a transmission line. 
The transmitter module TX comprises an oscillator cir- 
cuit OSC which can generate a carrier frequency or 
wave for transmission by the planar waveguide consti- 
tuted by the skin GO. 

Naturally, for effective transmission, this carrier 
wave generated by the oscillator OSC has to have a fre- 
quency compatible with the characteristics of the 
human skin GO. For example, the carrier wave may 
have a frequency of the order of 100 KHz. The carrier 
frequency generated by the oscillator OSC is applied to 
the skin GO by means of a transmission amplifier 
AMTX, the output of which is connected to two elec- 
trodes EL to be placed in contact with the skin GO. 
These electrodes EL may be connected either galvani- 
cally or capacitively to the upper layer, that is, the corni- 
f ied layer COR of the skin GO. 

In tests carried out by the Applicant, both elec- 
trodes of the type used for recording electrocardio- 
grams, that is, electrodes which are placed in galvanic 
contact with the skin GO, and metal or, in any case, 
electrically-conductive elements, insulated from the skin 
GO, that is, connected capacitively to the skin GO. have 
been used successfully. The metal elements may, for 
example, be flexible metal plates or meshes facing the 
skin GO but separated therefrom by one or more insu- 
lating layers, for example, such as clothing. 

In the case of footwear, for example, the metal 
plates or meshes may be fitted in the sole of the foot- 
wear and can be connected capacitively to the skin GO 
of the sole of the foot via a surface layer of the sole of 
the shoe which, typically, is insulating, and possibly a 



sock worn by the person, which is also insulating. 

Naturally, since the function of the transmitter mod- 
ule TX is to transmit not only the carrier frequency but 
also data, it comprises a modulator MOD interposed 
5 between the oscillator circuit OSC and the transmission 
amplifier AMTX. The modulator MOD modulates the 
carrier frequency on the basis of the data to be transmit- 
ted. 

This modulation may be of various types, for exam- 

io pie, amplitude modulation or frequency modulation. 
Given the far from ideal characteristics of the transmis- 
sion medium, that is, the skin GO, it is considered pref- 
erable to use frequency modulation. 

The data transmitted by the transmitter module TX 

75 may also be of various kinds and may be transmitted in 
either analog or digital format. This data may be consti- 
tuted, for example, by electrical signals emitted by a bio- 
medical sensor SENS for detecting a physical 
parameter. The sensor SENS is connected to a signal 

20 sampling and/or processing circuit SH. The output of 
the signal sampling and/or processing circuit SH is con- 
nected to an amplifier AMR A signal is thus emitted at 
the output of the amplifier AMP and is sent to the mod- 
ulator MOD for the modulation of the carrier frequency. 

25 The modulated carrier frequency is then applied to 
the skin GO, as stated above, by means of the elec- 
trodes EL connected to the output of the transmission 
amplifier AMTX. These electromagnetic signals are 
then propagated over the entire surface constituted by 

30 the skin GO of the human body CU. The receiver mod- 
ule RX can therefore be connected to any point of the 
human body CU and receive the signals transmitted by 
the transmitter module TX. 

The receiver module RX comprises, for this pur- 

35 pose, a receiving amplifier AMRX having its inputs con- 
nected to two electrodes EL for application to the skin 
GO. At the output of the receiving amplifier AMRX there 
is therefore, essentially, the modulated carrier fre- 
quency transmitted by the transmitter module TX. 

40 The output of the receiving amplifier AM RX is there- 
fore connected to a demodulator DEMOD which iso- 
lates the modulating signal, that is, the data signal to be 
received. This data signal is sent to a low-frequency 
amplifier BR The output of the low-frequency amplifier 

45 BF in which the data signal is available can thus be sent 
to a user device USR. 

The user device USR may be any device for receiv- 
ing the data signal. It may therefore be, for example, an 
electronic processor for processing the data signal 

so transmitted, or a display device for displaying the data 
transmitted. 

Since the communication apparatus according to 
the invention operates with very low voltages and pow- 
ers and relatively high frequencies, it is not in any way 
55 harmful or annoying to the person whose skin GO is 
used as a transmission line. Moreover, since the trans- 
mission is guided, it is free of the interference problems 
discussed above with reference to radio communication 
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devices.', 

Naturally, the principle of the invention remaining 
the sarrte, the details of construction and forms of 
embodiment may be varied widely with respect to those 
described and illustrated, without thereby departing 
from the scope of the present invention as defined in the 
attached claims. 

Claims 



Transmission apparatus comprising a transmitter 
module (TX) and a receiver module (RX) communi- 
cating with one another by means of a transmission 
line (GO). 

characterized in that the transmission line (GO) is 
constituted by the skin (GO) ,of a human body (CU) 
acting as a planar waveguide, 
the transmitter module (TX) and the receiver mod- 
ule (RX) being configured in a manner such that 
they can be connected to a surface layer (COR) of 
the skin (GO). 

Apparatus according to Claim 1, characterized in 
that it is configured for using, as a transmission 
medium, in the form of a planar waveguide, a struc- 
ture formed by three layers (COR, LUC. DER) of the 
human skin (GO), the three layers (COR, LUC, 
DER) comprising two layers (COR, DER) essen- 
tially having the characteristics of an electrically- 
conductive material, and one layer (LUC) essen- 
tially having the characteristics of a dielectric mate- 
rial, interposed between the two conductive layers 
(COR. DER). 

Apparatus according to Claim 2, characterized in 
that the two conductive layers (COR, DER) of the 
skin are an upper layer called the cornified layer 
(COR) and a lower layer called the dermis (DER). 
and the dielectric layer is an intermediate layer 
called the transparent layer (LUC). 



75 
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30 



trodes (EL). 

8. Apparatus according to Claim 7, characterized in 
that the electrodes (EL) are connected galvanically 
to the surface layer (COR). 

9. Apparatus according to Claim 7, characterized in 
that the electrodes (EL) are connected to the sur- 
face layer (COR) capacitively. 

1 0. Apparatus according to any one of Claims 7 to 9. 
characterized in that each of the transmitter module 
(TX) and the receiver module (RX) comprises two 
electrodes (EL). 

11. Apparatus according to any one of Claims 1 to 10, 
characterized in that at least one of the transmitter 
module (TX) and the receiver module (RX) is incor- 
porated in footwear. 

12. Apparatus according to Claim 11, characterized in 
that the at least one of the transmitter module (TX) 
and the receiver module (RX) comprises two elec- 
trodes (EL), the two electrodes (EL) being: 

incorporated in a sole of the footwear, 
of substantially planar shape, and 
connective capacitively to the surface layer 
(COR) of the skin (GO). 

13. Apparatus according to Claim 12, characterized in 
that the two electrodes (EL) are constituted by 
metal plates or meshes. 



35 14. 



40 



Footwear, characterized in that rt comprises at least 
one module (TX), RX) of communication apparatus 
using the skin (GO) of a human body (CU) as a 
transmission line, according to any one of Claims 
11 to 13. 



4. Apparatus according to any one of Claims 1 to 3. 
characterized in that it operates at a frequency 
compatible with the characteristics of the planar 
waveguide constituted by the human skin (GO). 45 

5. Apparatus according to Claim 4, characterized in 
that it operates at a frequency substantially of the 
order of 100 KHz. 



Apparatus according to any one of Claims 1 to 5, 
characterized in that it uses a frequency-modulated 
carrier wave. 

Apparatus according to any one of Claims 1 to 6. 
characterized in that the transmitter module (TX) 
and the receiver module (RX) are connected to the 
conductive surface layer (COR) by means of elec- 
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